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Baryon asymmetry of the UniverseThere is matter and no antimatter in the present Universe.Baryon-to-photon ratio, almost onstant in time:
ηB ≡

nB

nγ
= 6·10−10

Baryon-to-entropy, onstant in time: nB/s = 0.9·10−10What's the problem?Early Universe (T > 1012 K= 100MeV):reation and annihilation of quark-antiquark pairs ⇒
nq,nq̄ ≈ nγHene

nq −nq̄

nq +nq̄
∼ 10−9

How was this exess generated in the ourse of the osmologialevolution? Sakharov'67, Kuzmin'70



Sakharov onditions

To generate baryon asymmetry, three neessary onditions should bemet at the same osmologial epoh:

B-violationHonest C- and CP-violationThermal inequilibrium

NB. Reservation: L-violation with B-onservation at T ≫ 100GeVwould do as well =⇒ Leptogenesis.



Eletroweak sphaleronsOne of ingredients: Baryon number violation in eletroweakinterations.Triangle anomaly in baryoni urrent Bµ :
∂µBµ =

(

1
3

)

Bq

·3colors ·3generations ·
g2

W

16π2FF̃

Fa
µν : SU(2)W �eld strength; gW : SU(2)W ouplingLikewise, eah leptoni urrent (n = e,µ ,τ)

∂µLµ
n =

g2
W

16π2 ·FF̃Hene, seletion rules ∆B = 3∆Le = 3∆Lµ = 3∆Lτ or

B−L = onservedwhere L = Le +Lµ +Lτ .



NB: Valid even for heavy quarks (unlike in QCD).Quarks obtain masses via Yukawa interations with the Higgs �eld.Higgs expetation value vanishes in the enter of instanton orsphaleron. Usual zero mode/level rossing piture at work.Sphaleron rateUnbroken phase, 〈Φ〉 ≡ Φ(T ) = 0 (modulo log): G. Moore's talk

Γsph = #·α5
W T 4Higgs phase, 〈Φ〉 6= 0

Γsph ∼ #·T 4e−Fsph/Twith
Fsph(T ) ≃ #·

MW (T )

αWand MW (T ) ≃ gW Φ(T )



NB: In fat, �unbroken� and �Higgs� phases are indistinguishable.No order parameter in EW theory. Whether or not there is EWphase transition is a dynamial question (like water�vapor).Sphaleron proesses are in thermal equiliribrium at
Γsph/T 3 > H(T )(where H(T ) is the Hubble parameter) =⇒ Φ < T < 1012 GeVNB: Fsph/T ≫ 1 at Φ = T =⇒ rate is small. But the Universeexpands slowly at T ∼ 100GeV, unlike RHIC �reball

H−1 ∼ 10−10 s at T ∼ 100GeV

In thermal equilibrium (n f fermion families, nH Higgs doublets)

B =
8n f +4nH

22n f +13nH
· (B−L) =

28
79

· (B−L)



Three popular mehanisms of baryogenesis

GUT. Thermal GUT operates at TGUT & 1014 GeV.Hard to reonile with in�ation.Non-thermal: may well operate at reheating epoh betweenin�ation and hot stageLeptogenesis (thermal or non-thermal)Eletroweak baryogenesis
LeptogenesisIdea:generate lepton asymmetry beyond the Standard ModelEW sphalerons automatially reproess part of it intobaryon asymmetry



See-saw for neutrino massesGenerate neutrino masses by adding three left fermions Nα neutralw.r.t. SM gauge interationsThey are allowed to have Majorana masses. Hene the Lagrangian
L =

1
2

Mαβ N̄c
αNβ +yαβ N̄c

α H̃†Lβ +h.c.

By �eld rede�nition Mαβ = (M1,M2,M3) real,then yαβ are omplex (CP-violation). Note L-violation.In vauo 〈H̃〉 = (v,0), hene Dira mass term mDN̄cν with

mDαβ =yαβ vIntegrate out N's =⇒ ative neutrino Majorana mass matrix

m = −mDM−1mT
DNaturally light ν 's for heavy N's



Thermal leptogenesisComplete thermal equilibrium at T &M.Rapid violation of lepton numbers.

Lepton violation rapid until the lightest N1 gets out of thermalequilibrium at T .M1.Deays of N1 are out of equilibrium if ΓN1 < H at T ∼M1Lepton asymmetry is generated in deays of N1 beause of

CP-violation enoded in omplex Yukawas yαβ .



CP-violation due to interferene
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N1 y1α

lα

h

N1 y∗1β

l̄β

h
yγα

lα

yγβ
h

Nγ

Γ(N1 → lh) = const·∑
α
|y1α+∑

β ,γ
D(M1/Mγ)·y

∗
1β yγαyγβ |

2

D = loop diagrams (omplex)



Lepton asymmetry in deay of one N1 (�mirosopi asymmetry�)
δ ≡

Γ(N1 → lh)−Γ(N1 → l̄h)

Γtot

=
1

8π ∑
γ=2,3

ImD ·
Im(∑α y1αy∗γα)2

∑α |y1α |2NB: Need Nγ 6= N1 in loop.NB: ImD(M1/Mγ) = −2
3

M1
Mγ

suppressed for Mγ ≫ M1All N's work togetherNB: Phases that determine the asymmetry are not phases in massmatrix of light neutrinos: no distintion between lepton �avors for

M ≫ mD =⇒ CP-violation in neutrino osillations is of no diretrelevane.



Neutrino masses in right ballpark
Γ1 . H at T ∼ M1 ⇐⇒ ontribution of N1 to neutrino massesat the level of 10−3 eV. Mild suppression for 0.1 eV.No washout of lepton asymmetry in sattering
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Masses of all neutrinos smaller than ∼ 0.1 eVCorret value of asymmetry obtained for M1 & 109 GeV



Eletroweak baryogenesisOurs when sphalerons get out of thermal equilibrium, T ∼ 100GeVLow expansion rate =⇒ need 1st order phase transition. StandardModel not suitable: no phase transition at all for mH > 114GeV.Still possible in extensions, will be ruled out (or disovered) by LHC.

φ = 0

φ 6= 0

Baryon asymmetry generation in the ourse of phase transition



1st order phase transition ours from superooled state viaspontaneous nuleation of bubbles of new (broken) phase in old(unbroken) phase.Bubbles then expand at v ∼ 0.1cBeginning of transition: a few bubbles per horizonBubbles born mirosopi, r ∼ 10−16 m, grow to marosopi size,

r ∼ 0.1H−1 ∼ mm, before their walls ollideBoiling Universe, strongly out of equilibriumBaryon asymmetry an be generated in interations of fermions withbubble walls.



CP-violation in bubble wallNeed more than one Higgs doublet, CP-violation in the Higgs setorExample:

V (H1,H2) =V1

(

H†
1H1

)

+V2

(

H†
2H2

)

+λ+

[Re(H†
2H1)− v1v2cos2ξ

]2
+λ−

[Im(H†
2H1)− v1v2sin2ξ

]2

Inside the broken phase H1 = eiξ v1 , H2 = e−iξ v2.Near unbroken phase H12 small, and
H1 = eiζ ρ1 , H2 = e−iζ ρ2

tan2ζ = λ−
λ+ tan2ξ .Relative phase varies aross the wall,

H1 = eiθ(x)ρ1(x) , H2 = e−iθ(x)ρ2(x)



Quark interation with moving bubble wall: at given point in spae
Lint = hQ̄LH1qR +h.. =⇒ hρ1(t)eiθ(t)Q̄LqR +h..Re�etion/transmission di�erent for quark and antiquark

=⇒ separation of baryon number.NB: time-dependent phase ⇐⇒ violation of thermal equilibriumBaryon number in exess behind the wall (broken phase, sphaleronsswithed o�)Exess of antiquarks in front of the wall (unbroken phase) washedout by sphalerons.Net baryon number generated.
CP-violating interation of quarks and Higgses =⇒sizeable e.d.m. of neutron



Less known example: A�ek�Dine baryogenesisAssume that there exists omplex salar �eld φ arryingbaryon number −1, φ → e−iαφ . It interats with other �elds via
Lint = hQ̂φ +h..

Q̂ arries baryon number 1, Q̂ → eiα Q̂.Assume weak violation of baryon number in salar potential,

V (φ) = m2φ ∗φ +λ (φ ∗φ)2 +λ ′
(

φ4 +φ ∗4)

h, λ , λ ′ real =⇒ No CP-violation yet

CP-violation by initial onditions



Expanding Universe, homogeneous salar �eld: φ stays onstant intime until H2 ∼V ′′.Then φ starts to evolve.Assume that initially Imφ 6= 0 (CP-violation by initial ondition)Beause of λ ′-term (baryon number violation), φ spiralsImφ
Reφ



Spiraling salar �eld arries baryon number density
nB = i(∂tφ ∗ ·φ −φ ∗ ·∂tφ)It is gradually transmitted to quarks via hÔφ interationCosmi plasma beomes baryon-asymmetri.



To onlude

CP-violation, together with baryon and lepton numbernon-onservation, is ruial for generating baryon asymmetry,and hene for our existene.Kobayashi�Maskawa CP-violation in the Standard Modelinsu�ientRelevant mehanism of CP-violation may be quite non-trivialEletroweak sphalerons are important in many (but not all)senarios of baryogenesis.
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